The purpose of this study was to evaluate the radiopacity of different yttria-stabilized tetragonal zirconia polycrystalline (Y-TZP) ceramics used in the fabrication of fixed dental prostheses. Disk-shaped specimens (N=120, n=30 per group) were fabricated with thicknesses of 0.3, 0.5, and 1 mm from the following four Y-TZP ceramics: Cercon ht (Degudent) (CZ), Prettau (Zirkonzahn) (ZZ), Alliance (Kuraray Noritake Dental) (NA), and Ice Zirkon (Zirkonzahn) (ICE). The optical densities of each material were measured from radiographic images, and each material (N=1) were characterized by using XRD and SEM. The results were analyzed with oneway analysis of variance and the Tukey-Kramer test (α=0.05). In the case of the ICE and NA specimens, the radiopacity significantly differed with thickness (p<0.05). However, the radiopacities of 0.5-and 0.3-mm-thick CZ and ZZ specimens were not significantly different (p>0.05). Full-contour Y-TZP materials have higher radiopacities than those of the conventional Y-TZP materials in decreased thicknesses.
INTRODUCTION
The high biocompatibility, excellent mechanical and esthetic properties, and radiopacity of zirconia ceramics have led to their increased clinical applications in prosthetic dentistry [1] [2] [3] [4] . Yttria-stabilized tetragonal zirconia polycrystalline (Y-TZP) ceramics are widely used in computer-aided design and computer-aided manufacturing (CAD-CAM) systems for the fabrication of core materials for fixed dental prostheses and implant abutments 2, [5] [6] [7] [8] . The well-known transformation toughening mechanism of Y-TZP ceramics is responsible for their excellent mechanical properties 9, 10) . However, the main clinical problems associated with zirconia ceramics are the delamination between the zirconia core and layering porcelain and the chipping of veneering porcelain 7) ; these can be prevented by adopting slower heating and cooling rates in the laboratory 4, 11) .
Recently, full-contour or monolithic Y-TZP ceramics have been increasingly used for the fabrication of fixed dental prostheses 4, 7) . The full-contour Y-TZP ceramics are usually applied as a thick layer without layering porcelain, as opposed to the conventional Y-TZP ceramics, which are used as thinner core materials 7, 9) . The clinical disadvantages of Y-TZP ceramics include wear as well as the high opacity and radiopacity 4, 12, 13) . The poor translucency of Y-TZP ceramics can be improved by reducing porosity, decreasing grain size, and decreasing the thickness of the restoration. Moreover, the formation of a nanometric microstructure enhances the desired properties as smaller grain size increases in-line transmittance within the visible wavelength range 7, 14, 15) . According to some studies, increasing grain size by changing the sintering conditions can also decrease the opacity of full-contour Y-TZP ceramics 4, 15, 16) . However, these larger grains would lead to the metastabilization of the grains and low temperature degradation (LTD) 17, 18) .
Radiopacity is a valuable property that allows the clinician to assess the adequacy of the restoration, distinguish secondary caries, and evaluate marginal adaptation, voids, and interfacial gaps [19] [20] [21] [22] [23] . Thus, it serves as an important diagnostic tool when evaluating the long-term success of restorations 21, 22) . The microstructure and thickness of a material majorly affect its radiopacity 24) . Ideally, restorative materials should have radiopacity equivalent to or greater than that of enamel 25) . The International Organization for Standardization (ISO) 4049:2000 specification established that the radiopacity of restorative materials should be equal to or greater than that of 1,100 aluminum alloy with the same thickness 26) .
Although various studies have examined the radiopacity of conventional Y-TZP ceramics 12, 13) , none of them have compared the radiopacity of conventional and full-contour Y-TZP ceramics. The aim of this study was to evaluate the radiopacity of conventional and full-contour Y-TZP ceramics as a function of thickness using conventional X-ray films and optical density measurements. The null hypotheses were: (1) There is no difference between the radiopacity values of conventional and full-contour Y-TZP ceramics; and (2) The radiopacity level does not differ with the thicknesses of the material. 
MATERIALS AND METHODS
The types, brands, manufacturers, batch numbers, and firing schedules of the Y-TZP ceramics used in this study are listed in Table 1 . A total of 120 specimens with 10-mm diameter were prepared using the following materials: Cercon ht (Degudent, Hanau, Germany) (n=30), Prettau (Zirkonzahn, Bruneck, Italy) (n=30), Alliance (Noritake Dental Supply, Nagoya, Japan) (n=30), and Ice Zirkon (Zirkonzahn) (n=30). The specimens were prepared with thicknesses of 0.3, 0.5, and 1 mm (n=10 for each thickness). The specimens were made from pre-sintered blocks; the prepared acrylic resin patterns were scanned, and the digitized framework was enlarged using the Dental Wings CAD program (Dental Wings Open System, DWOS, Montreal, Canada). Thereafter, disc shaped Y-TZP ceramic specimens were milled from each material using the open system, CAM unit (Yenadent D40 CAM, ZenoTec, İstanbul, Turkey). All specimens were fabricated according to their respective manufacturers' recommendations. Specimens made from Cercon ht were sintered at 1,500°C in the furnace (Cercon Heat Furnace, Degudent) for 2 h and 25 min, Prettau specimens were milled in the partially sintered stage with full sintering in the furnace (Keramikofen 1500, Zirkonzahn) for 2 h at 1,600°C, Alliance specimens were sintered in a high temperature furnace (Protherm, MoS-B 150/1, Alser Teknik, Ankara, Turkey) for 2 h at 1,375°C, and Ice Zirkon specimens were sintered in a sintering furnace (Keramikofen 1500, Zirkonzahn) at 1,500 °C for 2 h. All specimens were ground while still wet with 800 and 1200-grit silicon carbide (SiC) paper (Struers, Willich, Germany) to create a flat surface, and the critical tolerance was verified to be ± 0.01 mm using a digital caliper (Youfound Precision, Zhejiang, China). The specimens were then ultrasonically cleaned in distilled water for 5 min using an ultrasonic bath (Ultrasonic Cleaner SUC-110, Shofu, Tokyo, Japan).
The maximum thickness of the step wedge was 14 mm, with each step having a thickness of 1 mm, length of 4 mm, and width of 14 mm. One specimen from each group and an Al step wedge were positioned side by side on occlusal D speed radiographic film (Kodak Ultra-speed, Eastman Kodak Company, Rochester, NY, USA) ( Fig. 1) . A special holder was mounted to ensure a fixed focus/film distance. The films were exposed for 0.38 s with a dental X-ray system (Trophy, Vincennes, France) at 70 kVp and 8 mA at an object-to-film distance of 30 cm. They were then processed immediately in a standard automatic processor (Velopex Extra-X, Medivance, Harlesden, UK) using fresh developer 
and fixer (Velopex Ready Mixed Developer and Fixer, Hexagon International (GB), UK) ( Fig. 2) . The optical density of the radiographic images was measured with a transmission densitometer (Pehamed Denso-Dent Densitometer, PEHA Med. Geräte, Sulzbach, Germany) (mean of at least three readings per specimen) with an aperture size of 3 mm (DIN 6868/55) 27) . Following the El-Mowafy and Benmergui method 28) , the optical density data for the Al steps were entered into a computer and the best possible exponential fit was used for the curves of Al optical density. A graph was plotted to illustrate the relationship between the step wedge thickness and optical density values (ODVs) according to the following equation: [y=−0.64Ln (x)+2.520] (Fig. 3) . The ODVs of the specimens were used to determine the equivalent Al (eq Al) thickness values with the help of the graphs. One-way analysis of variance (ANOVA) (Kruskal-Wallis) and Tukey-Kramer multiple range tests were conducted to statistically analyze the ODVs and corresponding Al values of the materials (α=0.05). All statistical analyses were performed using SPSS version 13.0 for Windows (SPSS, Chicago, IL, USA). One representative specimen (10-mm in diameter and 1-mm in thickness) from each type of Y-TZP ceramic was characterized using scanning electron microscopy (SEM) (Nova NanoSEM 650 Series, FEI Europe, the Netherlands) and X-ray Diffractometer (XRD) (Empyrean, PANalytical, ALMELO, the Netherlands). Prior to this, the specimens were polished in sequence with SiC paper (Struers) (600, 800, 1000 grit) and ultrasonically cleaned for 30 min in distilled water. Thereafter, they were cleaned with 70% isopropanol before SEM evaluation. The grain sizes of the specimens were evaluated using the SEM machine at 9 kV with a working distance of 6.0 mm (Figs. 4A-D) .
RESULTS
The means and standard deviations for the optical density and eq Al thickness values are shown in Table 2 . The one-way ANOVA detected no significant differences between the radiopacity values of specimen groups of equal thickness (p>0.05), but showed, however, significant differences between the specimen groups of different thicknesses (p<0.05). The radiopacity values of the 1-mm-thick specimens were the highest and was significantly different from those of the 0.5-and 0.3-mmthick specimen groups (p<0.05). The lowest radiopacity values were observed in the 0.3-mm-thick NA and ICE specimens, and these values were significantly lower than those of the groups of the other thicknesses (p<0.05). However, within their respective groups, no significant differences were observed between the 0.5-and 0.3-mmthick CZ and ZZ specimens (p>0.05). The radiopacity of conventional Y-TZP ceramics decreased to a greater extent with decreasing thickness, while the radiopacity of full-contour Y-TZP materials remained higher than that of conventional Y-TZP ceramics at thicknesses of 0.5 and 0.3 mm.
According to the SEM images, the grains of the CZ specimens were more homogeneous than those of the other specimens (Figs. 4A-D). Calculation of the line segments of 10 selected grains from each representative specimen showed that the mean grain sizes of CZ, ZZ, NA, and ICE were 490, 575, 474, and 574 nm, respectively. The mean grain sizes of the conventional or full-contour Zirkonzahn brand (Zirkonzahn) (ICE and ZZ) specimens were similar and larger than those of the other specimens, independent of the type of Y-TZP ceramic. The XRD results revealed that all of the specimens have predominantly tetragonal zirconia with a weak monoclinic zirconia peak intensity (Fig. 5 ).
DISCUSSION
The current study compared the radiopacity of conventional and full-contour Y-TZP ceramics and found no significant differences in this parameter. Therefore, the first null hypothesis stating that there is no difference between the radiopacity values of conventional and full-contour Y-TZP ceramics was accepted. Although the radiopacity values decreased with decreasing thicknesses of the materials, those of 0.3-and 0.5-mm-thick full-contour Y-TZP ceramics did not change significantly (p>0.05). Therefore, the second null hypothesis stating that the radiopacity level does not differ with the thicknesses of the material was partially rejected. The mean radiopacity values of conventional and full-contour Y-TZP ceramics were 18.4-18.8 mm Al, 13.8-14.1 mm Al, and 9.2-11.0 mm Al for the 1-, 0.5-, and 0.3-mm thicknesses, respectively. The results for the 1-mm-thick material were in accordance with those of a previous study that investigated different zirconia core materials 13) . However, Martinez-Rus et al. 12) reported that the radiopacity values for Y-TZP ceramics were 8.67-8.89 mm Al; this was much lower than that of the present study. However, they used a photostimulable phosphor image plate system (Digora Optime, Soredex, Milwaukee, WI, USA) and a dental X-ray machine that differed from the one used in this study. Moreover, their X-ray machine was operated at 70 kVp, 10 mA; the exposure set at 0.3 s; and a focusfilm distance of 30 cm was used. Different operating settings, digital processing techniques, and radiopacity analysis methods may have affected the results, yielding radiopacity values of Y-TZP ceramics that were lower than those found in the present study.
Clinically, the high strength full-contour Y-TZP ceramics are advantageous, especially in posterior areas, as they allow lower preparation thicknesses than other ceramic restorative materials. However, one of the major drawbacks is the wear against the contacting teeth 4) . The recommended minimum thickness for most Y-TZP core ceramics is 0.3-0.5 mm 29) . For full-contour Y-TZP ceramics, the material thickness depends upon the tooth anatomy and also preparation design and margin edge. In this study, there were no significant differences between the radiopacity values of equal thicknesses of different Y-TZP ceramics. However, the radiopacity values of thinner full-contour Y-TZP ceramics was greater than those of the conventional ceramics. The radiopacity values of 0.5-and 0.3-mmthick specimens of full-contour Y-TZP ceramics were statistically similar (p>0.05), whereas those of 0.5-and 0.3-mm-thick conventional Y-TZP ceramic specimens were significantly different (p<0.05). The radiopacity values of 0.3-mm-thick conventional Y-TZP materials was the lowest. Decreasing the thickness did not necessarily decrease the radiopacity of full-contour Y-TZP materials. Within the limitations of this study, it may be recommended to use the conventional Y-TZP materials in cases where radiographic distinguishing is important (for example, high caries incidence, posterior areas of the mouth).
The molecular structure and thickness of a material has a major effect on its radiopacity 12, 13, 24) . The superior radiopacity of Y-TZP ceramics is probably a result of the high atomic number and molecular weight of yttrium (Y, atomic number 39), zirconium (Zr, atomic number 40), and hafnium (Hf, atomic number 72). Hf chemically resembles Zr, and most Zr minerals contain 1 to 3% Hf. In this study, the relatively higher radiopacity of CZ might be attributed to its Hf content. Clinically, highly radiopaque restorative materials may mask caries near the buccal or lingual margins of restorations 19, 22) . This may occur due to the angulation of the X-ray beam superimposing highly radiopaque restorations over carious tooth structure. Excessive radiopacity may also cause the Mach effect 12) , which is a visual illusion that enhances the contrast between two areas of different radiopacities, making the dark border area darker. This may result in over-diagnosis of caries and marginal defects in highly radiopaque restorations.
Full-contour Y-TZP ceramics are produced by a unique patent-pending process. In one such process, the zirconium oxide powders are milled to further reduce the particle size of zirconium oxide, and then mixed with a suitable binder to increase the compaction and density of the green state and eliminate closed porosity. The manufacturers claim that, unlike conventional high-pressure milling blank manufacture, this technique gives full-contour Y-TZP ceramics improved light transmission, providing a lower, more natural shade value 4, 9, 30) . Several studies have reported that Y-TZP ceramics that have small, homogeneous grains are more translucent than those with coarser, non-homogeneous grains 14, 15, 31, 32) . Zhang 31) stated that the large birefringence and high refractive index of nanocrystalline Y-TZP made it possible to achieve a translucency similar to that of dental porcelains.
The powder impurities formed by the blank fabrication process, powder granulometry, and compaction mode affect the quality of the final Y-TZP ceramics 4) . Moreover, sintering conditions determine the final properties of Y-TZP ceramics by acting on chemical species distribution and microstructure [14] [15] [16] . Sintering temperature and duration determine the grain size 4, 14, 15) , which increases with the sintering temperature in Y-TZP ceramics 4, 14) . In this study, the sintering temperature of dental Y-TZP ceramics varied between 1,375 and 1,600°C, suggesting that different temperatures and manufacturers' recommendations have affected the microstructure and grain sizes of the materials. This was confirmed by the SEM observations. Conventional and full-contour Y-TZP specimens (ICE and ZZ) from the same manufacturer (Zirkonzahn) showed similar grain sizes that were larger than those of the other groups.
The mean grain sizes were calculated from the SEM images of the representative samples on which the line segments of 10 grains were measured using an image analysis program. Presenda et al. 16) calculated the mean grain sizes from SEM images using an image analysis program where 50 grains were measured in each sample. Kim et al. 15) calculated the mean grain size using the average linear intercept method of ASTM Standard E112 33) . SEM evaluation suggested that the blank fabrication procedure and sintering time and temperature may have been responsible for the larger mean grain size exhibited by conventional and fullcontour specimens of ICE and ZZ (Zirkonzahn). The full-contour CZ 0.3-mm-thick specimen group that had a smaller mean grain-size (490 nm) exhibited relatively higher radiopacity value (11.02 mm Al) than those of the other groups (9.20-9.93 mm Al), but this difference was not statistically significant. The smaller grain size in the CZ Y-TZP ceramics may have caused higher radiopacity due to the higher number of grains per given volume. There are currently no studies that compare the relationship between radiopacity and grain size of zirconia ceramics. Further studies using different fullcontour Y-TZP ceramics from different manufacturers and with different grain sizes are required.
According to XRD analysis, all of the specimens had similar crystal phases. Monoclinic and tetragonal forms of zirconia were detected that were in line with the study of Guazzato et al. 34) . CZ specimen exhibited relatively higher tetragonal zirconia peak intensity. However, no correlation could be found between the XRD results and the radiopacity difference between groups.
Radiopacity of dental materials is measured using various methods 12, 13, [19] [20] [21] [22] [23] 35, 36) , including conventional X-ray films assessed by an optical densitometer 13, 35) and digitized dental films or digital radiographic films evaluated by digital image analysis programs 23, 35) . In this study, conventional X-ray films were assessed by an optical densitometer. Although, digital radiography and digital image analysis helps eliminate film development, which may produce varied results, conventional radiographic evaluation has also been shown to be reliable.
Adequate radiopacity of ceramics help in the radiological assessment and diagnosis of caries, cement failure, voids between restoration and tooth structure, marginal gaps, and the overall condition of existing restorations 12, 22) . Therefore, it must be considered to be a major factor when evaluating the clinical success of ceramic restorations. For a patient with a high incidence of caries, Y-TZP ceramics with optimum radiopacity and thickness should be used.
CONCLUSIONS
Based on the results of this study, the following conclusions were drawn:
1. There were no statistically significant differences in the radiopacity values of conventional and fullcontour Y-TZP ceramics (p>0.05).
The Y-TZP ceramics investigated in this study
exceeded the minimum required radiopacity stipulated by the ISO. 3. Different thicknesses of Y-TZP ceramics exhibited different radiopacity values, except for the 0.5and 0.3-mm-thick full-contour Y-TZP ceramics. 4. Decreasing the thickness of conventional Y-TZP ceramics decreased the radiopacity values significantly (p<0.05). However, the radiopacity values of 0.5-and 0.3-mm-thick specimens of fullcontour Y-TZP ceramics remained high compared to their conventional counterparts with the same thicknesses.
